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Chemical doping has recently become a very
important strategy to induce superconductivity
especially in complex compounds. Distinguished
examples include Ba-doped La2CuO4 (the
first high temperature superconductor)[1],
K-doped BaBiO3[2], K-doped C60[3] and
NaxCoO2 · yH2O[4]. The most recent exam-
ple is F-doped LaFeAsO[5], which leads to a
new class of high temperature superconduc-
tors. One notes that all the above dopants
are non-magnetic, because magnetic atoms
generally break superconducting Cooper pairs.
In addition, the doping site was out of the
(super)conducting structural unit (layer or
framework). Here we report that superconduc-
tivity was realized by doping magnetic element
cobalt into the (super)conducting-active Fe2As2
layers in LaFe1−xCoxAsO. At surprisingly small
Co-doping level of x=0.025, the antiferromag-
netic spin-density-wave transition[6] in the
parent compound is completely suppressed, and
superconductivity with Tc ∼ 10 K emerges. With
increasing Co content, Tc shows a maximum of
13 K at x ∼ 0.075, and then drops to below 2 K at
x=0.15. This result suggests essential differences
between previous cuprate superconductor and
the present iron-based arsenide one.
Recent discovery of superconductivity at 26 K in
LaO1−xFxFeAs[5] has opened a new chapter in supercon-
ductivity research. The superconductivity was induced
by partial substitution of O2− with F− in the parent
compound LaFeAsO whose crystal structure consists of
insulating La2O2 layers and conducting Fe2As2 layers
(see the inset of Fig. 1(b)). Following this discovery, the
superconducting transition temperature Tc over 40 K
was realized in LnFeAsO1−xFx (Ln=lanthanides)[7, 8, 9]
and LnFeAsO1−δ[10]. Through an alternative chemical
doping of thorium-for-gadolinium, Tc has achieved 56 K
in Gd0.8Th0.2FeAsO.[11] These substitutions introduce
extra positive charges in the insulating Ln2O2 layers,
and extra electrons are produced onto the Fe2As2
layers as a result of charge neutrality. The occurrence
of superconductivity in this sense is rather similar to
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cuprate superconductors in which superconductivity
appears when appropriate amount of charge carriers are
transferred into the CuO2 planes by chemical doping at
”charge reservoir layers”.[12]
Band structure calculations and theoretical analysis re-
veal itinerant character of Fe 3d electrons in the iron-
based oxyarsenides.[13, 14, 15] The calculated electron
density-of-states (DOS) versus energy for LaOMAs (M
= Mn, Fe, Co and Ni) by Xu et al.[16] shows that the
main feature of total DOS remains unchanged, except
that Fermi levels shift toward the top of valence band
with band filling (adding electrons) one by one from M
= Mn, Fe, Co to Ni. According to this calculation, sub-
stitution of cobalt for iron is expected to add electrons
into Fe2As2 layers because cobalt has one more electron
than iron does. Therefore, we explored the cobalt sub-
stitution for iron in LaFeAsO system. Strikingly, super-
conductivity was observed by slight cobalt doping even
on the superconducting-active Fe2As2 layers.
The polycrystalline LaFe1−xCoxAsO samples were
synthesized by solid state reaction in vacuum using pow-
ders of LaAs, La2O3, FeAs, Fe2As and Co3O4. LaAs
was presynthesized by reacting stoichiometric La pieces
and As powders in evacuated quartz tubes at 1223 K for
24 hours. FeAs and Fe2As were prepared by reacting
stoichiometric Fe powders and As powders at 873 K for
10 hours, respectively. Co3O4 and La2O3 were dried by
firing in air at 773 K and 1173 K, respectively, for 24
hours before using. The powders of these intermediate
materials were weighed according to the stoichiometric
ratio of LaFe1−xCoxAsO (x=0, 0.01, 0.025, 0.05, 0.075,
0.1, 0.125, 0.15 and 0.2) and thoroughly mixed in an
agate mortar and pressed into pellets under a pressure
of 2000 kg/cm3, all operating in a glove box filled with
high-purity argon. The pellets were sealed in evacuated
quartz tubes and heated at 1433 K for 40 hours.
Figure 1(a) shows the representative XRD patterns
of LaFe1−xCoxAsO samples. The XRD peaks can be
well indexed based on a tetragonal cell of ZrCuSiAs-type
structure, indicating that the samples are essentially sin-
gle phase. The lattice parameters are plotted in Fig.
1(b) as a function of Co content. With increasing Co
content, the a-axis remains nearly unchanged while the c-
axis shrinks significantly. Thus the cell volume decreases
almost linearly, which is related to the smaller Co2+ ions
(than Fe2+ ions). This fact indicates that Co was suc-
cessfully doped into the lattice, according to Vegard’s
law.
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FIG. 1: Structural characterization of LaFe1−xCoxAsO
samples. a, Powder X-ray diffraction (XRD) patterns of
LaFe1−xCoxAsO samples. XRD experiment was performed
at room temperature using a D/Max-rA diffractometer with
Cu Kα radiation and a graphite monochromator. The diffrac-
tometer system was calibrated using standard Si powders. b.
Lattice parameters as a function of Co content. The lattice
parameters are refined based on a P4/nmm space group by
a least-squares fit using at least 20 XRD peaks. The inset
shows the crystal structure of LaFe1−xCoxAsO.
The oxygen content in LaFe1−xCoxAsO is an im-
portant issue in present study, because oxygen defi-
ciency itself might induce superconductivity. By high-
pressure synthesis, superconductivity was indeed ob-
served in oxygen-deficient LnFeAsO1−δ[10, 17]. It has
also been reported that superconductivity was induced
by oxygen deficiency in Sr-doped LaFeAsO via anneal-
ing in vaccum.[18] We note that all the reported super-
conductors showed a remarkable decrease in a-axis as
well as c-axis owing to the oxygen deficiency. However,
the present LaFe1−xCoxAsO samples show no obvious
change in a-axis, suggesting no significant oxygen defi-
ciency.
Figure 2(a) shows the temperature dependence of elec-
trical resistivity (ρ) in LaFe1−xCoxAsO. For the par-
ent compound, a prominent anomaly characterized by a
drop of ρ was observed below 150 K. Neutron diffraction
study[6] indicated a structural phase transition at 155 K
followed by an antiferromagnetic spin-density-wave tran-
sition at 137 K in LaFeAsO. The drop in ρ (and also χ,
shown in the inset of Fig. 2(c)) at the structural transi-
tion temperature was interpreted as the result of incipi-
ent magnetic order.[19] On doping 1% Co, the anomaly
temperature Tanom was suppressed to 135 K. For 0.025
< x < 0.125, the resistivity anomaly disappears, instead,
it shows a resistivity minimum at Tmin depending on
the Co-doping levels. At lower temperatures, these sam-
ples become superconducting with Tc from 7 to 13 K, as
can be seen more clearly in Fig. 2(b). The samples of
x=0.15 and 0.2 show no sign of superconducting transi-
tion above 3 K. The magnetic susceptibility at low tem-
peratures (Fig. 2(c)) show strong diamagnetic signal for
the samples with 0.025 ≤ x ≤ 0.125. The magnetic ex-
pelling (Meissner effect) fraction and magnetic shielding
one of the sample of x=0.075 are estimated to be 11%
and 30%, respectively, confirming bulk superconductiv-
ity. For x=0, 0.01 and 0.15, no superconductivity was
observed above 2 K.
The electronic phase diagram for LaFe1−xCoxAsO was
thus established from the above experimental data, as de-
picted in Figure 3. The phase region of the SDW state
is very narrow. 2.5% Co doping completely destroys the
SDW order, and superconductivity emerges. In the su-
perconducting regime with 0.025 ≤ x ≤ 0.125, one sees a
dome-like Tc(x) curve, similar to that of cuprate super-
conductors. Though the normal state shows metallic con-
duction at high temperatures, semiconducting behaviour
is all observed above Tc. It is noted here that the bor-
derline between metallic and semiconducting regions is
not well established because polycrystalline samples were
employed. For the higher Co-doping levels of x ≥0.15, su-
perconductivity no longer survives. Further Co doping is
also of interest, because the other end member LaFeCoO
was an itinerant ferromagnetic metal[21].
The present Co-doped LaFeAsO system shows both
similarities and differences in comparison with the phase
diagram of F-doped LaFeAsO[5, 14, 20]. First, the AFM
SDW state in LaFeAsO is suppressed or destroyed by
the electron doping in both systems. Second, both sys-
tems show a maximum Tc upon electron doping. How-
ever, there are some differences as for the details of the
electronic phase diagrams. (1) Co doping destroys the
AFM order more strongly, and it shows no coexistence
of superconductivity and SDW state. (2) The maxi-
mum Tc is significantly lower in Co-doped system. (3)
The optimal doping level is significantly lower and the
superconducting region is narrower in LaFe1−xCoxAsO
system. (4) The normal state of LaFe1−xCoxAsO sys-
tem shows semiconducting behaviour above Tc. The last
three points are probably related with the disorder ef-
fect within (Fe/Co)2As2 layers. The first issue can be
qualitatively understood in Figure 4. According to the
theoretical studies[22, 23, 24], the AFM order in the
parent compound originates from the competing nearest-
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FIG. 2: Electrical resistivity (ρ) and magnetic suscep-
tibility (χ) of LaFe1−xCoxAsO samples. a, ρ(T ) curves
of LaFe1−xCoxAsO samples. The resistivity was measured
via a standard four-terminal method. The data are normal-
ized to ρ300K because the resistivity measured on polycrys-
talline samples is often higher than the intrinsic value due to
the grain boundary and surface effect. Nevertheless, it is here
noted that the room temperature resistivity tends to decrease
with Co doping. b, ρ(T ) of LaFe1−xCoxAsO samples below
30 K, showing the superconducting transitions. Normalized ρ
is again employed for clarity. c, χ(T ) of LaFe1−xCoxAsO
samples, measured on a Quantum Design Magnetic Prop-
erty Measurement System (MPMS-5). Field-cooling proto-
cols were used under the field of 10 Oe. The inset shows the
χ(T ) data for the samples of x=0 and 0.01, measured under
the magnetic field of 1000 Oe. A drop/kink in χ can be found
at 150 K and 135 K for x=0 and 0.01, respectively.
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FIG. 3: The electronic phase diagram for
LaFe1−xCoxAsO. Tanom denotes the resistivity anomaly
temperature arising from the incipient magnetic order.
Tρ,min) separates the metallic and semiconducting regions
in the normal state of the superconductors. Note that the
vertical axis is in logarithmic scale.
FIG. 4: Destruction of AFM in Fe planes by Co dop-
ing. a, the nearest-neighbor (J1) and next-nearest-neighbor
(J2) superexchange interactions result in a striped AFM order
in Fe planes when J2 > 2J1 > 0. b, the adjacent interactions
between Fe and Co become ferromagnetic (J ′ < 0) due to dou-
ble exchange, which strongly destroys the original frustrated
AFM order.
neighbor and next-nearest-neighbor superexchange inter-
actions, bridged by As 4p orbitals. Both interactions are
antiferromagnetic, which gives rise to a frustrated mag-
netic ground state (striped AFM). Upon doping Co onto
the Fe site, the original antiferromagnetic superexchange
interactions may be changed into a double exchange be-
tween Co and Fe atoms, which obviously destroys the
striped AFM order.
Co-doping induced superconductivity challenges our
previous understanding about occurrence of supercon-
ductivity via chemical doping. As a typical magnetic
element, cobalt does not act as superconducting Cooper
pairs breakers, which implies unconventional supercon-
ductivity. Additionally, superconductivity is robust in
spite of doping on the Fe2As2 conducting layers. These
facts support the itinerant scenario of the 3d elec-
trons, reminiscent of superconductivity on the border of
itinerant-electron ferromagnetism in UGe2[25]. For the
cuprate superconductors, in sharp contrast, substitution
4of Cu with its neighbors in Periodic Table (Ni and Zn)
in CuO2 definitely destroys the superconductivity.[26]
Therefore, our result suggests that the mechanisms of
two class high temperature superconductivity should be
essentially different.
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